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SUMMARY 

An experimental and computational investigation of the NASA 
Low-Speed Centrifugal Compressor (LSCC) flow field has 
been conducted using laser anemometry and Dawes 3D vis- 
cous code. The experimental configuration consists of a back- 
swept impeller followed by a vaneless diffuser. Measure- 
ments of the three — dimensional velocity field were acquired 
at several measurement planes through the compressor. The 
measurements describe both the throughflow and secondary 
velocity field along each measurement plane and in several 
cases provide details of the flow within the blade boundary 
layers. The experimental and computational results provide 
a clear understanding of the development of the throughflow 
momentum wake which is characteristic of centrifugal com 
pressors. 

NOMENCLATURE 

j Streamwise measurement grid indice 

m/m$ Non-dimensional shroud meridional distance 

PS Pressure surface 

r/r t Radius non-dimensionalized by exit tip radius 

SS Suction surface 

U t Impeller tip speed, m/sec 

V qrn Quasi-meridional velocity component, m/sec 

V r Radial velocity component, m/sec 

V s Spanwise secondary velocity component, positive 

towards the shroud, m/sec 
V z Axial velocity component, m/sec 

a Flow pitch angle, deg., a = tan~ (V r /V z ) 


INTRODUCTION 

The complex curvature of centrifugal compressor impeller 
blade channels, coupled with strong rotational forces and 
clearance between the rotating impeller and stationary shroud, 
generate secondary flows in unshrouded impellers which trans- 
port low momentum fluid into the main stream of the im- 
peller passage. The ability to reduce the resultant flow non- 
uniformities at the impeller exit by altering new impeller de- 
signs to control the secondary flow development may therefore 
lead to improved performance. In order to succeed, such a de- 
sign activity must be guided by an improved understanding of 
the flow physics within the impeller and by reliable numerical 
flow field predictions. 


Several previous investigators have provided flow field mea- 
surements within unshrouded centrifugal compressor im- 
pellers. Eckardt’s laser anemometer measurements in a radial- 
outflow impeller provided the first experimental evidence in 
high-speed impellers of the development of a "wake” of low 
momentum fluid near the suction surface/shroud comer of 
the blade passage, Eckardt 5 . Krain 12 , Krain and Hoffman , 
Ahmed and Elder 1 , Sipos 18 , and Rohne and Banzhaf have 
acquired laser anemometer measurements in backswept im- 
pellers which indicate that the wake develops near the shroud 
at mid-pitch. 

Due to the small passage size and optical access limitations 
in these previous investigations, few experimental details of 
the secondary flow development inside high — speed impeller 
passages are available. Krain 12 and Sipos 18 have therefore 
used vortex models to infer the vortical nature of the secondary 
flow from the flow angle measurements which they were able 
to acquire on blade-to-blade streamsurfaces. 

Several low-speed investigations have also provided some 
insight into secondary flows. Senoo, et a/., 17 used dye in 
a water-flow experiment to visualize the tip clearance flow. 
Farge, et al , 7 performed 5-hole pressure measurements in 
a l°meter diameter shrouded impeller which rotated at 500 
rpm. A clearance gap was left between the blade tip and 
the impeller shroud in order to generate a tip clearance flow. 
However, as the authors point out, there is no relative motion 
between the blade and the shroud, so the physics of the tip 
clearance flow in this investigation is not the same as it would 
be in an unshrouded impeller. Fagan and Fleeter used laser 
anemometry to measure all three velocity components in a 
low speed, shrouded, mixed -flow compressor. 

In lieu of detailed experimental measurements of the sec- 
ondary flow fields in unshrouded impellers, several investiga- 
tors have recently shown secondary flow details generated us- 
ing three-dimensional Navier-Stokes numerical simulations 
(Krain and Hoffman 13 ' 14 ; Hah and Krain 8 ; Bansod and Rhie ; 
Moore and Moore 15 ). Fagan and Fleeter 6 have also shown 
calculated secondary flow field results for their shrouded im- 
peller. 

The purpose of the present investigation is to provide a de- 
tailed experimental study of primary and secondary flow de- 
velopment within an unshrouded centrifugal compressor im- 
peller. Laser anemometer measurements and surface flow vi- 
sualization results are presented and compared to a prediction 
of the flow field generated using Dawes’ three-dimensional 
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Navier- Stokes code, Dawes 4 . The processes which lead to 
the formation of the throughflow momentum wake which is 
characteristic of unshrouded centrifugal compressor impellers 
are clearly explained using results from both the CFD and 
experimental effort 

TEST COMPRESSOR AND INSTRUMENTATION 

The NASA Low-Speed Centrifugal Compressor (LSCC) is an 
experimental facility designed to duplicate the essential flow 
physics of high-speed subsonic centrifugal compressor flow 
fields in a large low-speed machine in which very detailed 
investigations of the flow field can be made. A complete 
description of the facility is provided by Wood, et al. 19 and 
Hathaway, et al 9 . 

The test compressor is a backswept impeller with a design 
tip speed of 153 m/sec. The impeller is followed by a 
vaneless diffuser in order to generate an axisymmetric outflow 
boundary condition which is desirable for CFD analysis of 
an isolated blade row. The impeller has 20 full blades with 
a backsweep of 55 degrees. The inlet diameter is 0.870 m 
and the inlet blade height is 0.218 m. The exit diameter 
is 1.524 m and the exit blade height is 0.141 m. The tip 
clearance between the impeller blade and the shroud is 2.54 
mm, and is constant from the impeller inlet to the impeller 
exit. This tip clearance is 1.8% of the blade height at the 
exit of the impeller. Tbe blade surfaces are composed of 
straight-line elements from hub to tip. This feature enabled 
fabrication of the impeller by a flank-milling process on a 5* 
axis milling machine. This feature also facilitates acquisition 
of laser anemometer measurement of velocities close to the 
blade surfaces by enabling the laser anemometer optical axis 
to be directed parallel to the blade surface. 

The research operating point selected for both computational 
and experimental investigations of the LSCC flow field was set 
at standard-day corrected conditions of 30 kg/sec and 1 862 
rpm, which is near the design point, for all data presented 
herein. 

A two-component laser fringe anemometer operating in on- 
axis backscatter mode was used in this investigation. Fre- 
quency shifting was used for both fringe systems to provide 
directional sensitivity for all velocity measurements. In or- 
der to determine all three components of the total velocity 
vector at a point in the flow field, two velocity components 
are measured at each of two different orientations of the laser 
anemometer optical axis. The resultant four measured com- 
ponents are combined using a least squares fit to yield the 
total three-dimensional velocity vector. A digital shaft angle 
encoder triggered by a once-per-rev signal generates 200 mea- 
surement intervals per blade pitch which are used to tag each 
velocity measurement with the circumferential measurement 
interval at which it occurred. Polystyrene latex spheres {0.80 
to 0.95 fim dia.) injected in the plenum were used as seed 
material. 

A meridional view of the LSCC, see Figure 1, shows the 
spanwise and streamwise locations at which laser anemometer 
data have been acquired. The cross-channel measurement 
stations which are numbered denote the stations at which data 
will be presented. The station numbers are the streamwise 


indices of a body-fitted measurement grid which was used 
to position the laser measurement point within the impeller. 
The measurement grid used in this investigation divides the 
streamwise blade length into a series of "quasi-orthogonal", 
or near-normal, cross-channel planes. Further details on the 
instrumentation are provided by Hathaway, et al. 10 . 



Figure I Meridional View of LSCC rotor showing 
laser anemometer measurement locations. 

MEASUREMENT UNCERTAINTY 

The uncertainty of the individual velocity component mea- 
surements was estimated from the least squares calculation 
to be on the average approximately ±1.5 m/sec throughout 
most of the impeller passage. Through much of the impeller 
passage, the throughflow velocity magnitude is on the order 
of 75 m/sec. Thus, the uncertainty of the measured velocity 
components is less than 2% of the throughflow component. 

In addition to the propagation of uncertainties of the measured 
velocity components into the calculated velocity components, 
the measured velocity components are subject to the uncer- 
tainties arising from window curvature effects which distort 
the laser anemometer probe volume. The spanwise velocity 
component and flow pitch angle are most susceptible to uncer- 
tainty propagation and are therefore most sensitive to window 
curvature effects. As determined from Figure 2, the uncer- 
tainty in pitch angle, which directly indicates the ability to 
resolve the spanwise velocity component, is estimated to be 
less than ±2 degrees for measurement locations in the outer 
70% of blade span for all measurement stations up to and 
including station 135. Because window curvature and blade 
span both decrease in the rear of the impeller, the uncertainty 
in the pitch angle for measurement stations 165-178 should 
he less than ±2 degrees over the entire blade span. 
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COMPUTATIONAL ANALYSIS 

The computational results for the LSCC flow field were ob- 
tained using the Reynolds -averaged Navier-Stokes code de- 
veloped by Dawes 4 . The solution grid has 137 streamwise 
points (75 points are within the blade) with clustering around 
the leading edge, 71 points span wise with 4 volumes in the 
tip clearance, and 41 points pitchwise. The pitchwise spac- 
ing at mid-pitch is about 5 percent of pitch and the nearest 
points away from the blade surfaces are at about 1 percent of 
pitch (however, the cell centers are 0.5 percent pitch from the 
surfaces). The span wise spacing varies from a maximum of 
about 5 percent of span at mid-span to 0.15 percent of span 
for the grid nodes nearest the hub and shroud (the cell centers 
are about 0.07 percent away from the endwalls). The max- 
imum streamwise spacing is about 2.5 percent of meridional 
chord at mid-chord. 


in the impeller. In order to facilitate comparison of the CFD 
solution to the laser data, the CFD solution was interpolated 
in the streamwise and spanwise directions to correspond with 
the experimental measurement locations. The results in each 
plot are shown at every 5% of span, with the results nearest 
the shroud located at 95% of blade span from the hub, where 
100% span denotes the blade tip. 

The results obtained at station 118 ( m/m 5 = 0.47) are shown 
in Figure 3a. At this station, a region of low streamwise 
momentum appears near the shroud at about mid-pitch. This 
region has been referred to as the “wake” region by previous 
investigators (Eckardt 5 ; Krain 52 ). The wake is evident in the 
experimental data at both 90 and 95% span, but is only evident 
in the CFD solution at 95% span. Inspection of data which 
is not presented here indicates that the wake first begins to 
develop at mid-pitch at m/m s = 0.40. 



-5 0 5 10 15 20 25 


PITCH ANGLE, Deg. 


Figure 2 Measured and predicted pitch angle 
distribution at rotor inlet station J=23 (m/m s =-0.397). 

RESULTS AND DISCUSSION 

Throughflow Development The streamwise development 
of the throughflow velocity will be illustrated through the use 
of “wire-frame” plots of the quasi- meridional velocity normal- 
ized by the rotor tip speed, V qm /U,. As described by Hathaway, 
et. a/. !0 , the quasi-meridional velocity V qm approximates the 
throughflow velocity component at any cross-channel station 
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Figure 3a Distribution of normalized quasi-meridional 
velocity at station 118 (m/m s =0.475) at 
intervals of 5% span starting at 95% span. 

The results obtained at station 135, (m/m s = 0.64) are shown 
in Figure 3b. The broken lines indicate additional results 
obtained at 1% span intervals from 96% to 100% span. The 
momentum deficit near the shroud in both the measurements 
and the CFD results continues to grow in magnitude. The 
wake centerline also moves toward the pressure side of the 
passage. The measured wake occupies the outer 25% of 
the span. Note that the CFD solution under-predicts both 
the maximum velocity deficit in the wake and the spanwise 
extent of the wake. Also note from Figures 3a,b that both the 
measured and predicted throughflow momentum in the portion 
of the passage which is outside the wake is nearly constant 
for stations 118 and 135. 

At station 165, ( m/m s = 0.94) shown in Figure 3c, the mea- 
sured throughflow velocity deficit in the wake is less severe 
than it was at station 135. However, the minimum wake veloc- 
ity at 95% span is nearly unchanged between stations 135 and 
165. A detailed inspection of the blade-to-blade distributions 
of the throughflow velocity, plotted at individual spanwise lo- 
cations, indicates that the streamwise velocity throughout the 
lower half of the passage and near the suction surface in the 
upper half of the passage has dropped significantly relative to 
its level at station 135. This behavior makes the wake ap- 
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pear less severe at station 165 than at station 135. The CFD 
solution indicates the wake has grown to occupy a larger span- 
wise extent than at station 135 and that the predicted minimum 
wake velocity is now comparable to the measured wake min- 
imum velocity. Station 165 is in the region of the impeller 
blade passage where the pressure surface is not "covered” by 
the suction surface. This region begins at m/m s =0.85. The 
observed increase in pressure surface velocity and decrease in 
suction surface velocity is expected as a result of unloading of 
the blade. There is also a shift of the wake centerline toward 
mid -pitch. 



Figure 3b Distribution of normalized quasi-meridional 
velocity at station 135 (m/ms=0.644). Solid lines at 
intervals of 5% span starting at 95% span. Broken 
lines at intervals of 1% span starting at 100% span. 



CFD Experiment 


Figure 3c Distribution of normalized quasi-meridional 
velocity at station 165 (m/ms=4).941) at 
intervals of 5% span starting at 95% span. 

The results obtained at station 170 which is at a radius ratio 
of 0.99 are shown in Figure 3d. The CFD results agree 
qualitatively with the measurements. As we move from station 
165 to station 170 we also note a continued unloading of 
the blade as well as a continued shift of the wake centerline 
toward mid-pitch. The shift in wake centerline location near 
the exit of the impeller results from a continuing increase 
in the throughflow velocity near the pressure surface with 
increasing downstream distance. 
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Figure 3d Distribution of normalized quasi-meridional 
velocity at station 170 (m/m s =0.990) at 
intervals of 5% span starting at 95% span. 

In summary, the results shown in Figure 3 indicate that the 
classic throughflow momentum deficit, or wake, which has 
been observed in centrifugal compressors by many other in- 
vestigators occurs in the outer 25-35% of the span at the blade 
exit for this compressor. The wake is initially detected near 
mid-pitch, moves to the pressure surface/shroud comer of the 
passage, and then moves toward mid-pitch due to a continued 
increase in momentum in the pressure surface/shroud comer 
of the blade passage near the exit of the impeller. 

The CFD solution predicts the location and strength of the 
wake near the impeller exit quite well, but under -predicts the 
maximum velocity deficit in the wake and the spanwise extent 
of the wake at stations 1 1 8 and 1 35. These features of the CFD 
solution are quite sensitive to the tip clearance model used in 
the code. The code models the vena-contracta formed by the 
clearance jet crossing the sharp blade edge by using a tip 
clearance value which is less than the physical tip clearance. 
The value used in the present solution is 60% of the physical 
tip clearance. The effect of increasing the tip clearance used in 
the code from 60% to 100% of the actual clearance has been 
studied using a slightly coarser grid (75 streamwise points 
in the blade, 41 points spanwise, 41 points pitchwise). The 
results indicate that increasing the tip clearance in the CFD 
solution does indeed result in an increase in the spanwise 
extent of the wake and moves the wake minimum velocity 
closer to the pressure surface at a given station. Inspection of 
the impeller blade tips at the conclusion of testing indicated 
that the blade tip comers were not sharp. A contraction 
coefficient of 0.6 is therefore too small. 


Secondary Velocity Development “Secondary velocity” as 
used in this paper is defined as that component of the total rela- 
tive velocity vector which is not aligned with streamwise CFD 
grid lines. A detailed definition of the spanwise and pitchwise 
secondary velocity components is provided by Hathaway, el. 
a/. 10 . Measured and predicted secondary velocity vectors are 
calculated in the same way. 

As in the previous section, the CFD results were interpolated 
to the streamwise and spanwise location of the laser measure- 
ments. In order to provide more details of the tip clearance 
flow, CFD results are also shown at 98% of blade span and 
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at 101% of blade span, which lies inside the tip clearance 
gap. The pitchwise location of each vector in the CFD re- 
sults is fixed by the pitchwise location of the CFD grid nodes. 
Although the laser measurements were made at 200 points 
across the pitch, only the data at every third point is presented 
for the sake of clarity. The predicted and measured vectors 
are drawn to the same scale with a reference vector of length 
0.5 *U t shown in each plot. The streamwise momentum out- 
side of the wake region for measurement stations up to and 
including station 135 is on the order of 0.5 *U t . The strength 
of the secondary flow relative to the throughflow can therefore 
be approximated by comparing the secondary velocity vector 
magnitudes to the reference vector magnitude in each plot. 

Also shown on the predicted secondary velocity vector plots 
are the locations of CFD tracer particles which were released 
along the blade leading edge from hub to tip on either side 
of the leading edge stagnation line. The CFD tracer locations 
illustrate how low momentum fluid along the blade surface 
migrates toward the blade tip and becomes entrained in the 
tip clearance flow. 

At station 118, shown in Figure 4a, both the CFD and exper- 
imental results indicate that the low momentum fluid near the 
blade suction surface is migrating outward toward the blade 
tip. The CFD solution also indicates a migration of fluid to- 
ward the tip along the pressure surface. However, the exper- 
imental results indicate that the fluid moving outward along 
the blade pressure surface is met and turned by fluid from the 
vortical flow near the shroud which is moving inward toward 
the hub near the pressure surface/shroud comer. The vortical 
flow near the shroud resides in approximately the same loca- 
tion as the low-momentum throughflow wake region indicated 
in Figure 3a. The CFD and experimental results do not pro- 
vide a clear indication of the origin of the inward flow which 
is measured in the pressure surface/shroud comer. However, 
the CFD tracer locations indicate that tracer particles released 
on the suction and pressure surfaces at the blade leading edge. 


denoted by *’s and o's respectively, have become entrained 
within the tip clearance flow and are migrating toward the 
pressure surface. The inward flow in the blade pressure sur- 
face/shroud comer may therefore be a result of the tip clear- 
ance flow impinging on the blade pressure surface. 

The secondary flow results obtained at station 1 35 are shown 
in Figure 4b. Both the CFD and experimental results indicate a 
continuing migration of fluid outward toward the tip near the 
blade surfaces. However, the CFD results indicate that the 
fluid migrating outward along the blade pressure surface is 
now being met and turned inward by fluid moving downward 
near the blade pressure surface/shroud comer, just as was 
shown in the experimental results at station 118. In addition, 
the CFD tracers show further migration toward the blade 
pressure surface and the tracers appear to be rolling up into a 
vortical flow. The experimental results now show a stronger 
vortical flow near the shroud than indicated at station 118. 

The insets in Figure 4b show additional details of the measured 
and predicted flows in the tip region which, for the sake of 
clarity, are not provided in the full-size passage view. The 
vector scale is different for each inset and is chosen_so as 
to minimize overlap among vectors. Details of the predicted 
results in the blade pressure surface/shroud comer are shown 
in the left inset of Figure 4b, which is a magnified view of 
the full-size passage results. The results show that the inward 
flow in the pressure surface/shroud comer of the passage is 
caused by the roll-up of endwall fluid near the tip of the blade. 
The middle inset of Figure 4b provides further details of the 
measured flow field from 95—100% span at the full pitchwise 
resolution of the laser anemometer measurements. The results 
verify the roll-up of fluid predicted by the CFD solution in 
the pressure surface/shroud comer and show the movement 
of fluid near the suction surface into the tip clearance gap. 
Finally, the right inset provides details measured within the 
blade suction surface boundary layer at 85, 90, and 95% span 
at the full pitchwise resolution of the laser anemometer mea- 
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Figure 4a Secondary flow velocity vector plots at station 118 lm/m s =0.475). Both CFD and experimental results shown 
at intervals of 5% span starting at 95% span with additional CFD results at 98% and 101% span, o and * 
denote CFD tracers released along the blade leading edge on the pressure and suction surfaces, respectively. 
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Figure 4b Secondary flow velocity vector plots at station 135 (m/m s =0.644). Both CFD and experimental results shown at 
intervals of 5% span starting at 95% span with additional CFD results at 98% and 101% span, o and * denote CFD tracers 
released along the blade leading edge on the pressure and suction surfaces, respectively. Insets show additional 
qualitative details of the tip region flow using the actual CFD grid and full laser measurement resolution. 


surements. The data clearly shows the migration of the suction 
surface boundary layer fluid toward the shroud. 

A comparison of Figure 3 b and Figure 4b indicates that there 
is once again a strong correlation between the location of 
the throughflow velocity deficit and the location of strong 
secondary flow. As shown in Figure 3b, the magnitude of 
the measured normalized throughflow velocity in the pressure 
surface/shroud comer of the passage is V qm /U t = 0.10 — 0.15. 
In this region the magnitude of the secondary flow is on a par 
with the throughflow velocity. 

At station 165, shown in Figure 4c, the CFD solution indi- 
cates a continued migration of flow outward along the blade 
surfaces and a well-behaved roll-up of flow in the pressure sur- 
face/shroud comer of the passage. The experimental results 
do not indicate outflow along the suction surface of the blade 
as predicted by the CFD result. We also note that a weak but 
discernible outward flow appears in the measurements towards 
the pressure-side half of the passage below about 70% span. 
However, the most dominant measured flow features are the 
strong span wise flows in the pressure surface/shroud comer 
with an apparent strong reversal in spanwise flow direction (to 
be addressed subsequently) at about 87% span. The measure- 
ments in this region were repeated on three separate occasions 
and each measurement session yielded identical results. 

At station 170, shown in Figure 4d, we see a dramatic change 
in the measured secondary flow relative to that just shown at 
station 165. The outward flow near the blade pressure surface, 
which was located below about 70% span and was quite weak 
at station 165, now dominates the secondary flow field in the 


pressure surface/shroud comer. 

In order to investigate the cause of the secondary flow re- 
sults shown in Figure 4c, we inspected the statistics of the 
individual laser anemometer measurements acquired at each 
of the 200 measurement points across the blade pitch. At 
each point a probability density distribution (p.d.d.) was con- 
structed for all of the measurements which occurred at that 
point. Throughout most of the flowfield, these p.d.d. 7 s are 
Gaussian in character, which is to be expected for a turbulent 
flow. However, for points in the pressure surface/shroud cor- 
ner at station 165, the p.d.d.’s are skewed, with long "tails" 
which result from the occurrence of velocities that are well 
below the mean velocity. The averaging method used to 
process all of the laser anemometer data essentially calcu- 
lates the mean of each p.d.d. For Gaussian p.d.d. ’s the mode, 
defined as the velocity which occurs most often, is close to 
or identical to the mean. However, for the p.d.d.’s which are 
skewed toward lower velocities, the mean occurs at a lower 
velocity than the mode. 

The secondary velocity vectors shown in the inset in Figure 
4c are calculated using the mode of each p.d.d. rather than 
the mean. The mode results yield a secondary velocity field 
which has no vortical structure and is more similar to that 
measured at station 170. Since the mode is by definition the 
velocity which occurs most often, the mode results are felt to 
be more representative of the secondary velocity field in the 
pressure surface/shroud comer at station 165. 

The skewed p.d.d.'s in the pressure surface/shroud comer 
suggest that the flow is quasi-steady in this region. This might 
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Figure 4c Both CFD and experimental results shown at intervals of 5% span starting at 95% span with additional CFD 
results at 98% and 101% span, o and * denote CFD tracers released along the blade leading edge on the 
pressure and suction surfaces, respectively. Secondary flow velocity vector plots at station 165 (m/m$=0.941). 
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Figure 4d Secondary flow velocity vector plots at station 170 (m/ms=0.990). Both CFD and experimental results shown 
at intervals of 5% span starting at 95% span with additional CFD results at 98% and 101% span, o and * 
denote CFD tracers released along the blade leading edge on the pressure and suction surfaces, respectively. 


be caused by a "meandering" of the throughflow wake at 
station 165. The secondary velocity’ vectors at stations 135 
and 170 were also calculated based on the mode of the p.d.d/s. 
The results, which are not included here, indicate that there is 
no appreciable difference between the vectors calculated using 
the mode and those calculated using the mean. These results 
indicate that the flow is steady at stations 135 and 170. 

The results at station 135 indicate the development of a vortex 
which does not appear at stations 165 and 170. The ability to 
"see" a vortex is highly dependent on the viewing direction 
used when creating the secondary velocity vectors. The fact 
that a vortex appears at station 135 indicates that the vortex 
core is well aligned with the stream wise grid lines at that 
station. The results shown in Figure 3 indicate that the 
throughflow velocity wake drifts from a location near the 
pressure surface toward mid-pitch as we move from station 
135 to stations 165 and 170. If the vortex is associated with 
the wake, then the vortex core might also drift toward mid- 
pitch in the rear of the rotor. The vortex might therefore still 


be present at stations 165 and 170 but is no longer evident 
in the secondary velocity vector plots because the core is no 
longer aligned with the stream wise grid lines. The secondary 
velocities at stations 135, 165, and 170 were viewed from 
different directions and the general features of the secondary 
velocities were found to be relatively insensitive to viewing 
angle. 

A perspective view of the CFD particle trace results is pre- 
sented in Figure 5, which shows the predicted trajectories of 
the particles which are released from hub to tip along the blade 
leading edge on either side of the leading edge stagnation line. 
The view in Figure 5 is as viewed looking upstream into the 
impeller blade passage from a viewpoint near the impeller exit. 
The black traces in passage 1 are the trajectories of particles 
released on the suction surface in blade passage 1. These 
particles migrate up the blade surface toward the tip, are 
entrained in the tip clearance jet and transported across the 
blade passage near the shroud, and then begin to roll up in 
the pressure surface/shroud comer of passage 1 . This roll-up 
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ROTATION 


Figure 5 Perspective view of the paths of CFD tracers released on the blade surfaces near the impeller leading edge. 


can be clearly seen in Figure 5 and also in both the CFD 
solution and the laser measurements at station 1 35 (Figure 4b). 
The white traces in Figure 5 are the trajectories of particles 
released in blade passage 1 on the pressure surface outboard 
of 63% span. These particles migrate toward the tip, cross 
over the blade, move across the passage near the shroud, and 
roll up in the pressure surface/shroud comer in passage 2. The 
migration of pressure surface fluid across the tip can also be 
seen in the CFD solution at station 1 1 8 (Figure 4a). The black 
traces in passage 3 in Figure 5 are the trajectories of particles 
released in blade passage 3 on the pressure surface inboard 
of 63% span. These particles begin to migrate toward the tip 
but are met and turned inward by the fluid which rolls up in 
the pressure surface/shroud comer. This behavior can also be 
seen in the CFD results shown in Figures 4b ,c at stations 135 
and 165. Comparison of the particle trajectories in Figure 
5 with the throughflow velocity results of Figure 3 clearly 
demonstrates that the throughflow velocity wake is formed by 
the migration of low momentum fluid ne a r the blade surfaces 
toward the shroud where it is entrained by the tip clearance 
flow and transported toward the pressure surface. 

We have studied the trajectories of additional CFD tracers 
released all along the blade chord on the blade surfaces near 
the tip. These trajectories, which are not shown here, indicate 
that all of the fluid outboard of the tracers shown in Figure 4 
originated on the blade surfaces. The tracer locations shown in 
Figure 4 therefore define the lower bound of the tip clearance 
flow. 

The secondary flow field results presented thus far have quali- 
tatively illustrated the features of the secondary flow field and 
the comparison between CFD and experimental results. A 
more quantitative comparison between CFD and experimental 
results will now be provided by presenting blade- to -blade dis- 
tributions of velocity and pitch angle at selected measurement 
locations at stations 118 and 165. 

The measured and predicted distributions of the normalized 


quasi-meridional velocity, normalized spanwise secondary ve- 
locity, and pitch angle at 65% span at station 118 are shown 
in Figure 6. The comparison between predicted and measured 
values of V qm /U Jy which approximates the throughflow veloc- 
ity, are excellent. The extent of the suction and pressure sur- 
face boundary layers are clearly shown. The laser anemometer 
measurements of the normalized spanwise secondary velocity, 
Vj/Ui , (see Figure 6b) indicate appreciable outflow near both 
the pressure and suction surfaces and a weak inflow across 
the remainder of the passage. Note that the outflow regions 
shown in Figure 6b closely correspond to the blade boundary 
layers shown in Figure 6a. 

The ability of the laser measurements to accurately resolve the 
spanwise velocity component is illustrated in Figure 6c where 
we see that the pitch angles, measured on the blade surfaces 
with an ammonia/ozalid flow visualization technique are in 
close agreement with the near-surface pitch angles measured 
with the laser anemometer. ' ■»: 

Measured and predicted pitch angle distributions as well as 
the ammonia/ozalid surface flow angle results at 20, 80 and 
95% span for station 165 are shown in Figure 7. At 80 and 
95% span the pitch angle distributions derived from both the 
mean and .mode of the laser measurements are shown. As 
discussed previously, fhe mode results are considered to be 
more representative of the flow in this region than are the 
mean results. The grid normal at station 165 has a pitch angle 
of 85 degrees. Therefore, a flow pitch angle which is greater 
than 85 degrees indicates a spanwise flow toward the shroud 
while a flow pitch angle which is less than 85 degrees indicates 
a spanwise flow toward the hub. 

There is no appreciable spanwise flow across the entire pas- 
sage at the 20% span location. The laser measurements do 
not indicate a large change in flow angle near the pressure 
surface between 80 and 95% span. However, the CFD and 
ammonia/ozalid results indicate a change in pitch angle on the 
pressure surface on the order of 50 degrees between these two 
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Figure 6a Blade -to -blade distribution of Figure 7a Blade-to-blade pitch angle distributions at 

normalized quasi-meridional velocity at 65% 20% blade span for station 165 (m/iris^O.941). 

blade span for station 118 (m/ms=0.475). 



Figure 6b Blade-to-blade distribution of 
normalized span wise secondary velocity at 65% 
blade span for station 118 (m/ms=0.475). 


Figure 7b Blade-to-blade pitch angle distributions at 
80% blade span for station 165 (m/m s =0.941). 



Figure 6c Blade-to-blade distribution of flow pitch 
angle at 65% blade span for station 118 (m/m s =0.475). 


Figure 7c Blade-to-blade pitch angle distributions at 
95% blade span for station 165 (m/ms=0.941). 
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spanwise locations. Note that all three techniques also indicate 
a relatively weak spanwise flow along the suction surface at 
all immersions. 

SUMMARY AND CONCLUSIONS 

The results presented herein represent an extensive compu- 
tational and experimental effort to document the velocity 
field within the NASA Low Speed Centrifugal Compressor 
(LSCC). The large impeller passage size provides considerable 
optical access to the flow field and enables measurements of 
the three — dimensional velocity field throughout the impeller 
blade passage. In several cases the measurements provide 
details within the blade boundary layers. 

The laser anemometer measurements and the CFD solution 
complement one another in illustrating the flow physics within 
the impeller. Laser anemometer measurements confirm that 
the low momentum fluid near the blade surfaces migrates out- 
ward toward the tip of the blade as predicted by the CFD so- 
lution, Particle traces done on the CFD solution indicate that 
the fluid which moves up the blade pressure and suction sur- 
faces is entrained into the tip clearance jet. The particle traces 
also show that this fluid is then transported toward the pres- 
sure side/shroud comer of the passage, where it contributes 
to the formation of the characteristic throughflow momentum 
wake which is found in unshrouded centrifugal compressor 
impellers. 

The experimental results presented provide a representative 
view of the flow physics within unshrouded centrifugal com- 
pressor impellers and should be useful in assessing the ability 
of viscous flow codes to accurately predict the flow physics 
within centrifugal compressors. 
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